The onset and cessation of the synthesis of denitrification enzymes of Pseudomonas stutzeri were investigated by using continuous culture and defined dissolved oxygen levels covering the full range of transition from air saturation to complete anaerobiosis. Expression of nitrate reductase, nitrite reductase (cytochrome cdl), and N20 reductase was controlled by discrete oxygen levels and by the nature of the nitrogenous oxide available for respiration. N20 reductase was synthesized constitutively at a low level; for enhanced expression, oxygen concentrations were required to decrease below 5 mg of 02 28 and 32), has given way to the acceptance of denitrification in the presence of oxygen in certain species (20, 25, 26, 33) . The range of oxygen levels for denitrification to occur spans 90% air saturation for Thiosphoera pantotropha (33) to 53% for Alcaligenes sp. (18) to practically completely anaerobic conditions for ParacoCCi'S denitrificans (1, 13), although aerobic denitrification has also been reported for the latter organism (20) .
Denitrification represents one important system of anaerobic enzyme expression. A controversy as to whether denitrification can proceed under aerobic conditions, and to what extent (reviewed in references 28 and 32) , has given way to the acceptance of denitrification in the presence of oxygen in certain species (20, 25, 26, 33) . The range of oxygen levels for denitrification to occur spans 90% air saturation for Thiosphoera pantotropha (33) to 53% for Alcaligenes sp. (18) to practically completely anaerobic conditions for ParacoCCi'S denitrificans (1, 13) , although aerobic denitrification has also been reported for the latter organism (20) .
Aquaspirillum magnetotacticuitn respires oxygen below 1.8% air saturation while denitrification proceeds (3), and T. pantotropha is even able to simultaneously respire oxygen, denitrify, and nitrify, the latter two metabolic pathways reaching maximum activity at 25% air saturation (34) .
Information extending beyond the knowledge of an oxygen dependence of the overall process is sparse; the influence of oxygen on partial reactions of the denitrification system has not yet been determined, and little is known about the regulatory interdependence of the reductases involved. Such effects are reflected by the finding that oxygen exhibits competitive behavior toward nitrate reduction (reviewed in reference 6) and in accounts of the accumulation of intermediary products. For instance, Paaoc- c(is halodenitrificans showed a progressive shift from dinitrogen toward nitrous oxide and nitrite as the oxygen concentration was increased (11) . Nearly quantitative accumulation of nitric oxide or nitrous oxide occurred under oxygen limitation of otherwise dinitrogen-evolving denitrifiers (8) . Besides oxygen, nitrate and intermediates of denitrification influence the activity of the overall process as well as the individual reductases. The presence of nitrate or *Corresponding author.
nitrite results in the induction of nitrate reductase (NaR) (4) and nitrite reductase (NiR) (38) in Paracoccus denitrificans. N,O reductase (N2OR) activity of Psetldomonas peifectomarina is induced by nitrate, nitrite, or nitrous oxide (30) .
Considerable progress in characterizing denitrification enzymes has been made (12) . Purification of the NaR (17) , cytochrome cdl (41), and N2OR (5) from one organism and the production of antisera against them has now permitted analysis of individual enzyme proteins during phase shifts from aerobiosis to anaerobiosis and vice versa. Under conditions of defined oxygen levels in steady-state cultures, this approach has provided the first determinations of p0, threshold values for the synthesis of individual reductases and their modes of expression in this organism.
MATERIALS AND METHODS
Organism and culture media. Psetudomonas stiutzeri ZoBell (formerly P. peifectomnarina ATCC 14405) was grown in a synthetic medium (24) with modified concentrations of CaCl, 2H2O (0.1 g/liter), MgSO4 7H,O (0.02 g/liter), and NaCl (1 g/liter). Ammonium sulfate was added at 0.5 g/liter. Where required, the medium was supplemented with NaNO3 or NaNO, at 0.5 g/liter or was sparged with N20. Media were adjusted to pH 6.9. Chemicals were of analytical grade and purchased from E. G. Merck AG, Darmstadt, Federal Republic of Germany.
Chemostat culture. Cells were grown in continuous culture in a glass vessel of 500-ml culture volume with stirring (500 rpm), overflow level regulation, and external temperature control at 30°C. The magnesium-limited culture medium was inoculated with 25 ml of an aerobic late-exponential-phase preculture (approximately 2 x 10' cells per ml). The latter contained no nitrogenous oxide and was itself inoculated from an overnight agar slant culture. Nutrient 25 ,umol of NaNO2, or 500 pl of N20.
Nitrate and nitrite were determined by high-performance liquid chromatography on a model 114M isocratic system (Beckman Instruments, Inc., Fullerton, Calif.), using a column (5 by 300 mm) filled with a mixture of diatomite (Merck) and ECTEOLA cellulose (Serva, Heidelberg, Federal Republic of Germany) (9 (39) .
Dinitrogen and nitrous oxide were quantitated by gas chromatography on a switched two-column system (7) consisting of activated alumina and molecular sieve columns in a modified Shimadzu 3BT chromatograph with thermal conductivity detector and a Spectra-Physics SP 4280 integrator. Protein was measured by the method of Lowry et al. (21) , using bovine serum albumin (Serva) as the standard. For protein determination of whole cells, digestion with 1 N KOH preceded the assay. Membrane protein was determined by using a reagent containing 1% sodium dodecyl sulfate (22) .
Immunochemical methods. Antibodies against electrophoretically homogeneous preparations of NaR, cytochrome cdl, and N2OR from P. stiutzeri were raised in New Zealand White rabbits essentially as described previously (40) . Conditions for preparation of cytochrome cdl (16) and N2OR (5) have been described. NaR was prepared from the membrane fraction of P. stutzeri by heat solubilization and subsequent chromatography on ion-exchange resin and gel filtration. Electrophoretically homogeneous material of a complex consisting of the cx and P subunits was used for immunization (S. Blumle, H. Korner, and W. G. Zumft, unpublished data).
Cytochrome cdl and N2OR proteins in cell extracts were determined by immunoelectrophoresis (19) as previously described (40) . For electroimmunoassay of NaR, both the sample and the agarose gel contained 1% Triton X-100. Electrophoresis was performed at low field ( (Fig. 1B) . Nitrite selectively stimulated NiR expression, whereas NaR expression remained comparatively low (Fig. 1C) . In turn, nitrous oxide as the respiratory substrate did not stimulate synthesis of NiR but caused an increase in the levels of NaR and N2OR (Fig. 1D) Transition from aerobiosis to anaerobiosis. The experimental design used was chosen to yield threshold values of oxygen concentration for the onset and cessation of synthesis of the denitrification enzymes in continuous culture at gradually reduced or increased aeration. In preliminary experiments, it was determined that nutrient limitation by magnesium resulted in the most stable conditions. More commonly used limiting nutrients, such as the carbon source or phosphate, resulted in fluctuations or precipitations or, in case of N limitation, were incompatible with the questions to be answered. The minimum period between sampling was determined to be 24 h, to allow equilibrium after each small change in aeration. Removal of 25-ml samples was found not to disturb the system to any detectable degree. Each experiment included a downshift and an upshift portion in order to obtain a complete cycle of transition from oxygen saturation to anaerobiosis and back to full aerobiosis. In this way, possible lags in the response of the continuous culture system would become evident in an asymmetry of the data. The protocol of changes in aeration during the course of a complete experimental cycle is shown in Fig. 2 .
Patterns of expression of NaR, NiR, and N,OR were analyzed by immunoelectrophoresis of cell extracts (Fig. 3) . In the presence of nitrate as the respiratory substrate, the maximum level of NaR coincided with fully anaerobic con- Figure 4 shows representative sets of original data for the quantitation of NaR and N,OR by electroimmunoassay during a transition cycle. In this case, NaR showed maximum expression before full anaerobiosis was reached, whereas N,OR (and also NiR; data not shown) displayed the pattern seen with NaR (Fig. 3) . Possible reasons for the occurrence of two different patterns are discussed below.
Cultures supplied with N,O as the respiratory substrate showed maximum concentrations for NiR and N.OR at fully anaerobic conditions and an apparently biphasic response for NaR during the transition cycle (Fig. 5A ). This pattern was also reflected in the whole-cell activity determined for the three reductases (Fig. 5B) On occasion, oscillations in the concentrations and activities of all three reductases were observed; these began when oxygen levels were reduced below 0.6 mg of 02 per liter and continued with diminishing amplitude and increasing period through the remainder of the transition cycle to full aerobiosis. Such oscillations occurred in continuous-culture systems under conditions of two or more limiting nutrient factors and are interpreted as a changeover in the nature of the limiting system component.
Critical oxygen levels for the onset or cessation of enzyme synthesis differed substantially for the three reductases and varied depending on the supplied N oxide (Table 1) (Fig. 5A) . NiR activity was barely measurable under these conditions (Fig. SB) . N,OR activity was high in the presence of nitrous oxide, although the absolute amount of the enzyme was lower than in cells grown on nitrate; this result confirms our previous findings on batch cultures of P. stiitzeri (40) and indicates a peculiar mode of enzyme regulation in response to exogenous N.O.
Accumulation of nitrite and inhibition of nitrite reduction by nitrate. At reduced levels of oxygen, nitrite accumulated in the culture medium during the critical transition phase for NaR and NiR synthesis. The effect was most pronounced at the threshold oxygen concentration for the onset or cessa- tion of NiR expression but was absent when significant levels of NiR were present (Fig. 6) .
Nitrate was found to inhibit nitrite reduction in vivo. Denitrification of nitrite by anaerobic, nitrate-grown cells ceased immediately upon addition of nitrate, evidenced by the termination of N, evolution from the denitrifying cells (Fig. 7) ; no other gaseous species was detected. This finding identified the reduction of nitrite as the sensitive step. On addition of nitrate, the level of nitrite started to increase because of the presence of NaR and lack of further reduction (Fig. 7A ). This effect rendered oxygen transition studies in steady-state cultures of P. stutzeri with more than 6 mM nitrate as the respiratory substrate impractical, as the amount of nitrite accumulated and maintained at this level by the continuous feed of medium did not permit denitrification to proceed. The toxicity of nitrite eventually damaged the cell population and caused washout.
DISCUSSION
Previous work (reviewed in reference 27) generally ascribed the decisive effect on the synthesis of denitrification enzymes more to reduced oxygen tension than to alternative electron acceptors. Our work leads to a modified conclusion. Anaerobiosis was not sufficient for induction or appreciable stimulation of denitrification enzyme synthesis; the complementary presence of a nitrogenous oxide was a prerequisite. In turn, availability of an N oxide had to be accompanied by anaerobiosis to promote enzyme synthesis. Aerobically grown cells of P. stutzeri definitely contained small amounts of N20R, whereas NaR and NiR (cytochrome cdl) were not detected. The observation of low N,O reduction in aerobically grown cells of this organism (30) is in accordance with our findings.
Nitrate had the broadest effect in that it (possibly via intermediary nitrous oxides derived from its reduction) caused expression of all three reductases to maximum levels. In contrast, the other nitrogenous oxides stimulated mainly those reductases acting on the particular substrate or subsequent reductases but had lesser effects on an enzyme acting on a substrate preceding the N oxide under consider- (23, 30, 40) . The response of N,OR is peculiar in that exogenously provided N20 leads to a lower level of this enzyme in P. stutzeri (this work; 40). For Pseudomonas aeruginosa, loss of N,O reducing activity was reported when cells were grown solely on nitrous oxide (36) .
Critical oxygen levels have been reported only for the onset of overall denitrification activity. This study considered enzyme expression in terms of individual reductase concentrations in reference to total cell protein. Oxygen thresholds were determined for the synthesis of NaR and NiR and for elevated synthesis from the constitutive level of N20R (Table 1) . With oxygen present in a subsaturating concentration, the enzymes varied considerably both in the onset (or cessation) of their synthesis and in their absolute levels of expression. If N20 instead of nitrate was present as the respiratory substrate, oxygen thresholds for enzyme synthesis were shifted to lower values.
Unexpectedly, maximum expression of the reductases did not always coincide with fully anaerobic conditions. Two different patterns were noted in the transition from aerobiosis to anaerobiosis. These showed either maximum enzyme levels at zero oxygen or maximum enzyme synthesis at levels of around 0.6 mg of 0, per liter, with a decrease at fully anaerobic conditions. Symmetry of this behavior in a complete transition cycle supports the validity of this observation. In vivo activity measurements for the individual reductases paralleled this dual pattern. In every case, NaR differed in its pattern and NiR and N2OR responded alike.
A possible explanation might be found in the fact that the shift to energy conservation exclusively by denitrification resulted in a change in equilibrium of the continuous-culture system, as evidenced by a reduction in growth rate. Rate limiting by two factors may result in complex behavior at the switching line in the chemostat (2) . Within the constraints of practical feasibility, this effect could not be alleviated by the choice of dilution rate or medium. The pattern may also reflect a stage of regulatory modulation of the three denitrification reductases, which, under stable, fully anaerobic conditions, coordinately convert nitrate to dinitrogen without accumulation of intermediates.
A further aspect contributing to the complexity of the system concerns assimilatory NaR. As the rationale for assimilatory NaR repression, ammonium was added to the culture medium. Low nitrate reduction activity, occasionally seen in washed cells from fully aerobic cultures, presumably reflects the presence of a small amount of assimilatory NaR. Immunological cross-reactivity with the antiserum raised against respiratory NaR, however, was not seen. Determination of the behavior of the assimilatory NaR under the chosen experimental protocol, and particularly of its interaction with the respiratory pathway, will require isolation of this enzyme. No bacterial assimilatory NaR, however, has been obtained in a pure state.
The range of dissolved oxygen concentrations under which denitrification activity has been reported extends to full or nearly full aerobiosis, such as for T. panitotr-oplia (34) (14, 26, 27, 29) . Inhibition by nitrate of nitric oxide reductase in cell extracts but not of NiR has been shown (29) . Taking this into account, the instant inhibition of nitrite reduction in whole cells on addition of nitrate suggests either an indirect action on NiR or a mechanistic site of action before the enzymatic reduction step.
